Abstract: Na + /H + antiporters are integral membrane proteins that exchange Na + for H + across the cytoplasmic or organellar membranes of virtually all living cells. They are essential for control of cellular pH, volume homeostasis, and regulation of Na + levels. Na + /H + antiporters have become increasingly characterized and are now becoming important drug targets. The recently identified NhaP family of Na + /H + antiporters, from the CPA1 superfamily, contains proteins with a surprisingly broad collective range of transported cations, exchanging protons for alkali cations such as Na + , Li + , K + , or Rb + as well as for Ca 2+ and, possibly, NH 4 + . Questions about ion selectivity and the physiological impact of each particular NhaP antiporter are far from trivial. For example, Vc-NhaP2 from Vibrio cholerae has recently been shown to function in vivo as a specific K + /H + antiporter while retaining the ability to exchange H + for Na + and bind (but not exchange with H + ) Li + in a competitive manner. These and other findings reviewed in this communication make antiporters of the NhaP type attractive systems to study intimate molecular mechanisms of cation exchange. In an evolutionary perspective, the NhaP family seems to be a phylogenetic entity undergoing active divergent evolution. In this minireview, to rationalize peculiarities of the cation specificity in the NhaP family, the ''size-exclusion principle'' and the idea of ''ligand shading'' are discussed.
Introduction
Na + /H + antiporters are ubiquitous membrane transporters that are present in the cytoplasmic and organellar membranes of plant, animal, and bacterial cells. Na + /H + antiporters were first postulated by Mitchell in 1961; they have since been shown to play a crucial role in cellular homeostasis and therefore have become a large area of study. Na + /H + antiporters are involved in the extrusion of toxic Na + and Li + from bacterial cells, the regulation of intracellular pH, and the establishment of a sodium gradient used as the driving force for active transport or flagellar rotation. The regulation of virulence factors in Vibrio cholerae appears to be modulated by endogenous and exogenous Na + levels (Häse and Mekalanos 1999) , indicating a possible role for Na + /H + antiporters in bacterial pathogenicity. Some Na + /H + antiporters have been well characterized, such as NhaA from Escherichia coli (Ec-NhaA), which extrudes Na + and Li + from the cells at alkaline pH (Padan et al. 2004 ). Other essential Na + /H + antiporters include NHEs (Na + /H + exchangers), which are present in virtually all tissues in every mammalian species known (Orlowski and Grinstein 1997) .
Emerging from the advancing field of Na + /H + antiporters is a novel family of antiporters, NhaP, whose members collectively demonstrate a great diversity in their cation specificity (see Table 1 ). NhaP-type antiporters belong to the monovalent cation-proton antiporter CPA1 superfamily (Saier et al. 1999) , which has homologues in Gram-positive and Gram-negative bacteria, cyanobacteria, yeast, fungi, plant, and animals ( Fig. 1) . Interestingly, cells often possess several NhaP paralogues, which apparently arose from gene duplication events and then evolved to fulfill specific physiological needs. Eukaryotic NhaP proteins vary in size from 500 to more than 1000 residues. SOS1 from Arabidopsis thaliana has 1146 amino acids and 12 transmembrane segments with an extended cytoplasmic soluble C-terminus, and has been shown to be critical for salt tolerance (Shi et al. 2000; Pardo et al. 2006) . Prokaryotic NhaPs are smaller, with approximately 550 amino acids, having smaller hydrophilic C-termini. In this minireview, we focus on the peculiarities of cation specificity reflected in the physiological impact of NhaP-type cation/H + antiporters.
Identification of a novel Na + /H + antiporter family
A unique Na + /H + antiporter from Pseudomonas aeruginosa (Pa-NhaP) was identified by Utsugi et al. in 1998 . This novel antiporter was named NhaP (hereafter, PaNhaP), as it showed no homology to NhaA, NhaB, ChaA, or any other bacterial Na + /H + antiporter known at the time. Growth of E. coli KNabc mutants, which are missing the three major Na + /H + antiporters NhaA, NhaB, and ChaA, is strongly inhibited by NaCl and LiCl, but Pa-NhaP expressed from a plasmid rendered KNabc resistant to high concentrations of Na + , indicating Na + /H + antiport as a true physiological function of Pa-NhaP.
All Na + /H + antiporters characterized until the work of Utsugi et al. (1998) could transport Li + in place of Na + . This was not surprising, given the similar ion radii of the two cations (0.76 Å for Li + and 1.02 Å for Na + , see Murata et al. 2008) . However, Pa-NhaP turned out to be unique in this respect, as it was not able to provide resistance to Li + in KNabc transformants. Also, everted membrane vesicles of KNabc expressing Pa-NhaP exhibited moderate Na + /H + antiport activity but no detectable Li + /H + antiport activity (Utsugi et al. 1998) . The very poor Li + /H + antiport (or its total absence) seems to be rather common for the NhaP-type antiporters, but the substrate specificity is clearly different among all homologues (see Table 1 ).
Cation specificity in the NhaP family and the ''size-exclusion principle''
Another NhaP-type antiporter, from the cyanobacterium Synechocystis PCC 6803 (Syn-NhaP1), was shown to complement the salt-sensitive phenotype of an E. coli TO114 mutant, which is missing the same antiporters as KNabc. Unlike Pa-NhaP1, Syn-NhaP1 was able to complement the Li + -sensitive phenotype and in vesicles of TO114, SynNhaP1 showed similar Na + /H + and Li + /H + antiport activities. Curiously, Syn-NhaP1 also showed moderate activity with Ca 2+ and no activity at all with K + (Hamada et al. 2001; Waditee et al. 2001) . The halotolerant cyanobacterium Aphanothece halophytica has a Na + /H + antiporter (ApNhaP1) that is phylogenetically not so distant from SynNhaP1 (see Fig. 1 ). However, in terms of function, ApNhaP1 is actually more similar to Pa-NhaP1, as it was able to complement the Na + -sensitive, but not the Li + -sensitive, growth phenotype of TO114. Moreover, Ap-NhaP1 showed Ca 2+ /H + antiport activity and was able to complement the Ca 2+ -sensitive phenotype of TO114 (Waditee et al. 2001 ). These curious observations indicate simple size exclusion as a possible structural basis of the Syn-NhaP1 and Ap-NhaP1 cation selectivity. Indeed, (dehydrated) ion radii increase in the order Li + (0.76 Å ) < Ca 2+ (0.99 Å ) < Na + (1.02 Å ) < K + (1.38 Å ) (see Murata et al. 2008 ) and the ion-binding cavity in Syn-NhaP1 might just be too small to accommodate a bigger K + ion. Of course this consideration is only valid for the antiporters that bind non-hydrated ions. It seems, however, that the Na + ion is binding to sodium transporters of different origin in its non-hydrated state (see, for example, Mulkidjanian et al. 2008 and references therein) .
This ''size-exclusion principle'' easily explains how Na + / H + antiporters may discriminate K + ions by simply having small ion-binding pockets. For example, well-studied NhaAtype antiporters do not transport K + (Padan et al. 2004 and references therein). Of note, in full accordance with the ''size-exclusion principle'', Ec-NhaA in reconstituted proteoliposomes can use the smaller Ca 2+ ion as a substrate (Dibrov 1993) . However, if the ion-binding pocket of an antiporter is spacious enough to accommodate the larger K + ion and has a more extended set of potential ligands, one would expect the antiporter to be less discriminative. This could explain why NhaP-type antiporters as a group have a broader range of substrates than Na + /H + antiporters of other types. But an antiporter specific to K + is difficult to imagine because there would be no size exclusion possible. The ''size-exclusion principle'' predicts that all K + /H + antiporters should be able to bind smaller cations such as Li + and Na + . At first glance, it contradicts the fact that the small Li + ion is a poor substrate for many NhaP-type antiporters (Table 1) . Nevertheless, the ''size-exclusion principle'' is still applicable to these ion transporters, as we shall discuss below. It seems that some additional mechanisms may diminish or even completely prevent Na + (Li + )/H + exchange (but not Na + or Li + binding!) in such transporters. Questions about ion selectivity and the related physiological impact of each particular NhaP antiporter are far from trivial and remain under-investigated. Thus, Aa-NhaP from Alkalimonas amylolytica N10 complemented the Na + -sensitive phenotype in TO114; however, in everted membrane vesicles the highest antiport activity was seen when the vesicles were probed with K + , and the K m for K + /H + activity was 0.5 mmol/L (Wei et al. 2007) . It is still unclear whether Aa-NhaP contributes to potassium resistance in vivo. In this context, it should be mentioned that in contrast to Na + /H + antiporters, identification of specific K + /H + antiporters (i.e., transporting K + but not Na + ) in bacteria remained elusive for a long time. The classic theoretical arguments for the existence of common ''housekeeping'' K + /H + antiporters are well known (Mitchell 1961 ) and the importance of K + /H + antiporters for bacterial ion and pH homeostasis is widely recognized (Epstein 2003) . However, while K + /H + antiport activity itself has been previously demonstrated in everted membrane vesicles from E. coli (Brey et al. 1980) , no protein serving as a ''housekeeping'' K + /H + antiporter has been identified.
In 2006, Radchenko et al. reported that Vp-NhaP2 from Vibrio parahaemolyticus might be a K + -specific antiporter. The antiporter displayed a rather low activity with K + even at its pH optimum of 9.0; in the absence of K + , Na + initiated the antiport too, albeit less effectively than K + (see Fig. 5B in Radchenko et al. 2006 ). Unfortunately, low activities detected in sub-bacterial vesicles did not allow the authors to determine the K m value for K + /H + and Na + /H + antiport, so definitive conclusions about the specificity of Vp-NhaP2 were hard to make at that moment. It also remained unclear whether chromosomal deletion of the nhaP2 gene would produce a potassium-sensitive phenotype in the native host, V. parahaemolyticus. This work led us to characterize the close homologue of Vp-NhaP2 in Vibrio cholerae, in an attempt to find answers to these questions.
Vc-NhaP2 from V. cholerae turned out to be an electroneutral exchanger, which in vitro is able to catalyze K + /H + , Rb + /H + , and Na + /H + (but not Li + /H + ) exchange (Resch et al. 2010) . But in situ it operates as a potassium-expelling K + /H + antiporter, protecting V. cholerae cells growing at pH 6.0 from high concentrations of K + (Resch et al. 2010) . In everted membrane vesicles of TO114 expressing Vc-NhaP2, K + /H + and Na + /H + antiport activities at pH 7.5 were 50% and 20%, respectively (measured as the percentage of dequenching of Acridine Orange fluorescence). There was no Li + /H + antiport at any pH tested, from pH 6.0 to 9.0. Remarkably, the K m values for K + /H + and Na + /H + antiport activity were very similar, 1.68 mmol/L and 1.06 mmol/L, respectively. However, competition assays demonstrated that K + out-competed Na + : adding a large amount of Na + before energizing the vesicles barely reduced the K + /H + antiport activity. On the other hand, only a small amount of K + was required to completely abolish Na + /H + antiport activity. This demonstrates that despite having similar affinities to the alkali cations tested, Vc-NhaP2 acts as a specific K + /H + antiporter (Resch et al. 2010) .
The inability of Vc-NhaP2 to catalyze Li + /H + exchange looked strange in light of the ''size-exclusion principle'', given the smaller ion radius of Li + . Our data showed that Li + does compete with K + for binding to Vc-NhaP2 and can be exchanged for K + via Vc-NhaP2, but fails to initiate VcNhaP2-mediated Li + /H + antiport (Resch et al. 2010) . What could account for such apparent irregularity? It is widely accepted that in Na + /H + antiporters all substrate alkali cations and protons compete for the same cation-binding site. This could be demonstrated experimentally (Dzioba-Winogrodzki et al. 2009 ) as well as inferred from structural data (Padan 2008) . Based on this notion, in conjunction with the ''sizeexclusion principle'', we suggested an explanation for the peculiar behaviour of Li + in Vc-NhaP2 and other similar cases, which, for the lack of a better term, will be called ''ligand shading''. Our reasoning went as follows.
While all the substrate ions share the same (rather spacious) cation-binding site, they may nevertheless use different subsets of ligands. H + requires only one electronegative ligand (let us denote it as XP), but the optimal number for coordination of Na + by polypeptides is six (Glusker et al. 1999) . If the subset of ligands used to bind Li + happens to also include the XP ligand, the lithium ion would outcompete the proton, thus preventing ''normal'' Li + /H + exchange. We suggest that this effect be named ''ligand shading'', implying that the Li + ion somehow (by actual binding to XP or by affecting the overall conformation of the ionbinding site without actual binding to XP) prevents H + from binding to its ligand. Na + and K + , however, could bind to their own subsets of ligands that do not include the XP ligand. Both ions require from six to eight ligands for optimal coordination (Glusker et al. 1999) , so, unlike the proton, they should easily displace Li + from the ion-binding site. This would make possible heterologous Na + /Li + or K + /Li + exchange, as well as the regular exchange of both Na + and K + with protons, but not Li + /H + exchange. Interestingly, in the case of Vc-NhaP2, binding of Na + apparently results in a ''partial shading'' of the XP ligand, not preventing the protonation of XP completely, but making it less efficient. This may well account for another peculiarity in the biochemistry of Vc-NhaP2: having nearly identical affinities for K + and Na + , the protein nevertheless uses K + as a preferred substrate and is clearly ''kinetically incompetent'' when working with Na + (Resch et al. 2010) .
The ''size-exclusion principle'' in combination with the idea of ''ligand shading'' provides a surprisingly simple explanation to all (otherwise often cumbersome or seemingly contradictory) experimental data concerning the NhaP family and, perhaps, other groups of cation exchangers. We of course realize that the real meaning of the term ''ligand shading'' may be revealed only by extensive analysis of Xray diffraction-based structural data and kinetic behaviour of mutant variants of NhaP antiporters. But, in our opinion, these two ideas provide a useful conceptual framework for future research planning.
Antiport activity at various pH
Another interesting aspect of NhaP-type antiporters is their variability in pH ranges and pH optima. Some NhaPtype homologues have high antiport activity levels over a wide pH range. Both Syn-NhaP and Ap-NhaP showed high Na + /H + antiport activity in the entire range from pH 5.0 to pH 9.0 (Waditee et al. 2001) . In Vc-NhaP2, the pH profile of activity shows a large bell-shaped curve from pH 6.5 to 9.5, with a maximum at approximately pH 7.75 (Resch et al. 2010 ). Other NhaP homologues have their own particular pH optima. Aa-NhaP from Alkalimonas amylolytica N10 has an optimum for K + /H + transport at pH 8.0 and retains a significant level of activity up to pH 9.5, a familiar pH for an alkaliphilic bacterium (Wei et al. 2007 ).
The hyperthermophilic archaeon Methanococcus jannaschii, which grows optimally at 85 8C, has a Na + (Li + )/H + antiporter (Mj-NhaP1) that is active only between pH 6.0 and 7.0 (Hellmer et al. 2002) . Electron cryo-microscopy provided an 8 Å structure of Mj-NhaP1. The structure showed a 4-6 helix bundle in the middle of the protein, which underwent a 2 Å shift above and below pH 6.0 (Vinothkumar et al. 2005) . This is thought to represent the open and closed states of the antiporter. A change to a more acidic pH would protonate the negatively charged side chains of a specific small set of residues, which would induce a conformational change resulting in the activation or inactivation of the transporter, as was the suggested mechanism of pH regulation for NhaA from E. coli (Hunte et al. 2005) . For M. jannaschii, the internal pH is around 6.5. If the internal pH fluctuates slightly, H + is either pumped in while Na + is extruded, or H + is pumped out using the Na + gradient. However, under more extreme pH conditions, the antiporter must be switched off to prevent uncontrolled Na + transport or cytoplasmic acidification (Vinothkumar et al. 2005) . So, being under tight pH control, Mj-NhaP1 is thought to play an important role in pH homeostasis. Overall, though, the regulation of NhaP proteins by pH is still poorly understood.
Possible role of C-terminal tail in regulation
NhaP-type proteins in animals have long C-terminal hydrophilic tails that are believed to play a role in the regulation of transport activity (Orlowski and Grinstein 1997) . SOS1, a NhaP-type antiporter found in Arabidopsis thaliana that is essential for homeostasis of Na + and K + , has a long C-terminal tail approximately 700 amino acids in length. Mutation of this C-terminal tail, either by truncation or by single amino acid substitutions, causes the plants to become extremely sensitive to high concentrations of Na + (Shi et al. 2000) . In prokaryotes, the C-terminal tail, when present, is typically shorter but is still suspected to play a role in the function and (or) regulation of these antiporters. Deletion of the C-terminal hydrophilic tail of the cyanobacterial SynNhaP1, for example, resulted in a significant decrease in Na + /H + and Li + /H + antiport activity (Hamada et al. 2001) .
Most intriguingly, exchanging the C-terminal tail from Ap-NhaP1 for the tail from Syn-NhaP1 resulted in an increase in the previously non-detectable Li + /H + antiport activity of Ap-NhaP1 (Waditee et al. 2001) . This suggests that the hydrophilic C-terminal tail of Syn-NhaP1 somehow affects the ion specificity of the antiporter. Truncation of the C-terminal tail of Syn-NhaP1 was shown to significantly raise the K m for Na + /H + and Li + /H + antiport activity, suggesting that without the tail, there is a possible decrease in the antiporter's affinity for these cations . At this moment, it is unclear how a soluble Cterminus could possibly affect cation specificity of the distant, membrane-embedded ion-binding pocket of a NhaPtype antiporter. While it is very tempting to speculate about possible mechanisms, we must stress that only extensive future studies (including site-directed mutagenesis and, ultimately, structural analyses of crystallized proteins) may solve this puzzle.
''Ligand shading'' and divergent evolution in the NhaP family
Apparently, single mutations may change a set of available ion-coordinating ligands in the ion-binding site and thus affect the degree of ''ligand shading'' caused by the binding of different substrate cations. This might attenuate ion specificity and, ultimately, the physiological impact of a given antiporter, providing a molecular basis for the divergent evolution in the NhaP family. In this connection, it is interesting to compare the biochemical features of three isoforms of NhaP coexisting in the membrane of V. cholerae (see Table 1 ).
Whereas Vc-NhaP1 shows comparable activities with both Na + and K + , Vc-NhaP2 prefers K + as a substrate and retains the ability to mediate modest Na + /H + antiport; on the other hand, Vc-NhaP3 apparently completely lost the ability to exchange Na + for H + and catalyzes solely K + /H + antiport when assayed in sub-bacterial vesicles. Neither antiporter is able to exchange Li + for H + . However, our recent data suggest that all three isoforms actually bind Na + and Li + (Resch et al., manuscript in preparation) . So, it seems that through subtle changes in ''ligand shading'', Vc-NhaP2 and Vc-NhaP3 have possibly evolved to be essential in K + homeostasis, but their substrate-binding pockets still retain affinity for other alkali cations. 
Essential residues in the potential cationbinding sites of NhaP-type antiporters
In the absence of X-ray diffraction-based structural data, identification and mutational analysis of potentially important amino acid residues may still provide vital pieces of information about the cation-binding site, including the identities of ion-coordinating ligands. A multiple sequence alignment of the members of the NhaP family (Fig. 2) reveals a number of highly conserved residues associated with transmembrane segments that presumably form part of the cation-binding pocket. Note that although these residues are dispersed throughout the sequence, they could still form a reasonably tight group in the actual three-dimensional structure of the protein (see Padan 2008 for an example). Several negatively charged aspartate residues have been targeted for mutagenesis. Site-directed mutagenesis of Syn-NhaP1, replacing Asp138 with Glu or Tyr, completely abolished Na + / H + and Li + /H + antiport activity (Hamada et al. 2001) . Independently, D132 (which is the analogue of D138 in SynNhaP1) and D161 of Mj-NhaP1 have also been shown to be absolutely essential for antiport activity (Hellmer et al. 2003) . It is natural to suggest that these negatively charged residues probably provide their side chains as ioncoordinating ligands. In Fig. 2 , these residues are shown as D133 and D162, respectively, following the enumeration of residues in Vc-NhaP2. Other highly conserved charged or polar residues that might be involved are T132, E157, N161, S245, N259, R315, R343, and S/T376 (Fig. 2) .
However, demonstration of the importance of these key residues per se would not yet give any information about the variations in the cation specificity of NhaP-type antiporters. So what are the residues in NhaP-type antiporters that may influence their cation specificity? Some clues may be obtained from comparison of slight variations in the most conserved ones. Thus, in Vc-NhaP3, which exclusively catalyzes K + /H + antiport, position 133 is occupied by electroneutral glycine and this pattern is conserved in at least four NhaP3 isoforms (Fig. 2 shows only two NhaP3s for simplicity). Remarkably, in NhaP1 and NhaP2, which catalyze K + / H + and Na + /H + antiport, there is always a negatively charged aspartate in this position. In addition, the polar asparagine in position 161 of NhaP1 and NhaP2 is replaced by neutral isoleucine in all NhaP3s. Further, position 155 is typically occupied by negatively charged glutamate in NhaP1 and NhaP2, but in NhaP3 there is a change of charge, with arginine replacing glutamate (Fig. 2) . The hydroxyl group provided by the side chain of either serine or threonine in position 351 could be found only in NhaP1 isoforms and closely related proteins (compare Figs. 1 and 2) .
Since NhaP1 and NhaP2, but not NhaP3, are able to exchange protons with Na + ions, one can expect that by mutagenizing G133 of NhaP3 into D, it would be possible to broaden the specificity of NhaP3. Similarly, other specific point mutations (or, perhaps, their combinations) may allow us to manipulate the cation selectivity of various NhaPs in a predictable way. Combined with standard cysteine-scanning mutagenesis and serial reporter fusions, such targeted amino acid substitutions would provide important data for the future interpretations of crystal structures. Another possible line of investigation (while waiting for well-diffracting crystals of different NhaPs) may include serial deletions and site-directed mutagenesis in the soluble C-terminal tails of NhaP proteins. And, finally, it must be noted here that for the precise determination of the cation selectivity, the wildtype antiporter (and its mutant variants) has to be purified and reconstituted into proteoliposomes.
